Periplaneta fuliginosa densovirus (PfDNV) is a single-stranded DNA virus, belonging to Densovirinae subfamily, Parvoviridae family. Parvovirus nonstructural protein 1 (NS1) contains various activities required for parvoviral DNA replication, like endonuclease, helicase and ATPase, which are regulated by serine/threonine phosphorylation. However, for PfDNV, NS1 endonuclease activity has not been determined. Moreover, for densoviruses, whether NS1 is phosphorylated, and if so, phosphorylation pattern and impact on NS1 activities have not been investigated. Here, we demonstrated that PfDNV NS1 possesses endonuclease activity, covalently attaches to 5 0 -end of nicking site, and includes an active-site tyrosine (Y178). Moreover, using different phosphatases, we uncovered that both serine/ threonine and tyrosine phosphorylations are critical for NS1 endonuclease and helicase activities. Further mass-spec and mutational analyses revealed that Y345 is phosphorylated and functions as a critical regulatory site for NS1 activities. This study should foster our understanding of NS1 activities and regulations in PfDNV and other densoviruses.
Introduction
Parvoviruses (Parvoviridae family) are a family of nonenveloped small single-stranded DNA viruses with genome sizes in the range of 4-6 kb, and include two subfamilies: the Parvovirinae, which infect vertebrates, and the Densovirinae, which infect invertebrates . The parvoviral genome can basically be divided into two parts, with the left-hand region encoding two to four nonstructural (NS) proteins and the righthand side encoding structural proteins (VPs) (Berns, 1990) .
The DNA replication of parvovirus takes place in nucleus and is dependent on the activities of parvovirus nonstructural protein 1 (NS1), which is also named as Rep protein in adeno-associated viruses (AAVs). Parvoviral DNA replication involves the formation of intermediate DNA duplexes, which are produced by a single-stranded copy mechanism (Cotmore and Tattersall, 1987) that is similar with the rolling-circle replication (RCR) mechanism used by singlestranded DNA plasmids, bacteriophages, and geminiviruses (Kornberg and Baker, 1992) . After single-stranded DNA being converted into intermediate DNA duplex, the endonuclease activity of NS1 introduces strand-and site-specific nicking at replication origin sequences, following by DNA duplex unwinding with NS1 helicase activity, and then parvoviral DNA replication initiates (Cotmore et al., , 1993 . This single-stranded cleavage (nicking) reaction leaves parvovirus NS1 covalently linked with 5 0 -end of the nicking site, and generates a base-paired 3 0 -hydroxyl group serving as DNA synthesis primer (Christensen et al., 1997; Tattersall, 1988, 1994; Nuesch et al., 1995) . Besides its key roles in parvoviral DNA replication, NS1 is also required for several other processes during parvoviral life cycle. For instance, NS1 is a potent trans activator of parvoviral P38 promoter that controls capsid gene expression (Rhode and Richard, 1987) . In addition, NS1 trans regulates certain host promoters (Doerig et al., 1990; Vanacker et al., 1996) , and exerts cytotoxic and/or cytostatic effects Caillet-Fauquet et al., 1990; Mousset et al., 1994; Yang et al., 2009; Mysiak et al., 2004) To modulate the diverse activities of parvovirus NS1 during viral replication, posttranslational modifications, such as phosphorylation, of NS1 are believed to play critical roles. It has been reported that NS1 proteins of minute virus of mice (MVM), porcine parvovirus, and H-1 parvovirus could be phosphorylated in infected cells Molitor et al., 1985; Paradiso, 1984) . Moreover, by monitoring NS1 phosphorylation via metabolic labeling, it was found that the phosphopeptide pattern of MVM NS1 underwent continuous changes during a viral infection (Corbau et al., 1999) , suggesting that phosphorylation continuously regulates parvovirus NS1 activities temporally and spatially.
As a major form of posttranslational modification, phosphorylation is the process of adding a phosphate (PO 4 3 À ) group onto serine, threonine or tyrosine residues within a protein. It has been reported that porcine parvovirus NS1 is phosphorylated mainly at serine residues and also at threonine residues (Molitor et al., 1985) , MVM NS1 is phosphorylated on serine and threonine residues during an MVM infection (Corbau et al., 1999) , and NS1 of H-1 parvovirus is predominantly phosphorylated at serine residues (Paradiso, 1984) . Moreover, the activities of NS1 proteins are tightly dependent on their phosphorylation status (Nuesch et al., 1998a) , strongly suggesting that parvovirus NS1 is regulated by discrete phosphorylation and dephosphorylation events, which are mediated by host cell signaling pathways. Indeed, using an in vitro DNA replication system, previous studies have demonstrated that the initiation of parvovirus DNA replication requires NS1 phosphorylation by kinase in the protein kinase C (PKC) family (Nuesch et al., 1998b) , and different NS1 functions involving in DNA replication are independently regulated by phosphorylation (Corbau et al., 2000; Dettwiler et al., 1999; Nuesch et al., 2001 Nuesch et al., , 1998a Nuesch et al., , 1998b . Interestingly, although tyrosine phosphorylation commonly exists and plays critical roles in regulating numerous proteins (Marks, 1996) , particularly cell cycle related proteins, this kind of phosphorylation has never been reported for any parvovirus NS1. Besides, although the NS1 phosphorylation in the Parvovirinae subfamily has been studied in considerable detail, this phosphorylation issue has never been studied in Densovirinae, the other subfamily of Parvoviridae. Densoviruses (DNV) are autonomously replicating parvoviruses that are highly pathogenic for invertebrates and frequently isolated from arthropod hosts (Baquerizo-Audiot et al., 2009; El-Far et al., 2012; Liu et al., 2011; Multeau et al., 2012; Mutuel et al., 2010) . Based on their genome structure, genome size and gene expression strategy, densoviruses (Densovirinae subfamily) are classified as four genera: Densovirus, Iteravirus, Brevidensovirus and Pefudensovirus . As the type specie of Pefudensovirus genus, Periplaneta fuliginosa densovirus (PfDNV) is 22 nm in diameter, and harbors a linear single-stranded $5454 nt DNA genome with inverted terminal repeats (ITRs) and an ambisense organization (Guo et al., 2000; Yamagishi et al., 1999; Yang et al., 2008) . PfDNV was first isolated and identified by our laboratory from P. fuliginosa (smoky-brown cockroach) (Hu et al., 1994) , which is an important peridomestic pest (Appel and Smith, 2002) . Due to its high pathogenicity and fatality to cockroaches, PfDNV has been used as a biopesticide to control urban cockroaches in China (Jiang et al., 2007) . It was also reported that PfDNV can be used as an insect vector for persistent foreign gene expression in vivo .
Similarly with its vertebrate counterparts, densovirus NS1 has also been reported to involve in viral DNA replication in vitro (Ding et al., 2002) . And previous studies on NS1 proteins from Junonia coenia densovirus (JcDNV, type specie of Densovirus genus) and PfDNV revealed that NS1 proteins display various biochemical activities which are required for viral genome replication, such as sequence-specific DNA-binding, intrinsic ATPase and ATP-dependent helicase activities (Ding et al., 2002; Yang et al., 2006) . However, the strand-and site-specific endonuclease activity of PfDNV NS1 has not been determined. Moreover, for densoviruses, whether NS1 can be phosphorylated, and if so, the phosphorylation pattern and its impacts on NS1 activities have not been investigated. These gaps hindered our understanding to NS1 and viral DNA replication of PfDNV as well as other densoviruses.
In this study, we investigated the ability of PfDNV NS1 to function as an endonuclease. For this purpose, wild-type and mutant PfDNV NS1 proteins were expressed as recombinant proteins using a eukaryotic (baculovirus) expression system. Characterization of the nicking activity of NS1 was performed using an in vitro nicking assay with oligonucleotide substrates derived from the predicted PfDNV origin of replication. Our results demonstrated that PfDNV NS1 possesses a strand-and site-specific endonuclease activity and becomes covalently attached to the 5 0 -end at the nicking site. Meanwhile, the active-site tyrosine residue required for NS1 endonuclease activity was identified by mutational analysis. Moreover, our studies using serine/threonine or tyrosine specific phosphatases revealed that PfDNV NS1 is phosphorylated not only at serine and threonine but also at tyrosine, and both serine/threonine and tyrosine phosphorylations are critical for NS1 endonuclease and helicase activities. Furthermore, using liquid chromatography-tandem mass spectrometry (LC-MS/MS) and mutational analysis, we identified tyrosine 345 of PfDNV NS1 is phosphorylated and functions as a critical regulatory site for NS1 activities, suggesting that the phosphorylation of Y345 is critical for regulating NS1 activities. 0 -HEX-labeled Probe 2 (lanes 4-6) in the nicking reaction mixture for 1 h, followed by proteinase K treatment to remove proteins. The nicked ssDNA was released from dsDNA by boiling the reaction mixture for 7 min, and then separated by 12% acrylamide-8 M urea gel. The schematic illustration on the bottom indicates the key steps in the experiment. The asterisk indicates the position of the HEX labeled end. No protein and MBP alone were used as negative controls. (B) PfDNV NS1 covalently attaches to the 5 0 -end at the nicking site. Purified MBP-NS1 as well as controls were incubated with 5 0 -HEX-labeled Probe 1 (lanes 1-3) or 3 0 labeled Probe 2 (lanes 4-6) in the nicking reaction mixture for 1 h. Without the proteinase K treatment step, the samples were then directly boiled for 7 min and the protein-DNA complex was resolved on a 2% agarose gel. The schematic illustration on the bottom shows the key experimental steps as in (A). The HEX fluorescent signals were scanned with a Typhoon 9200.
Results
NS1 contains a site-specific endonuclease activity and covalently attaches to the 5 0 -end of the nicking site Parvovirus NS1 proteins belong to the rolling-circle replication (RCR) initiator protein superfamily. Among this protein superfamily, three conserved motifs are found to associate with singlestrand nicking (Ilyina and Koonin, 1992) , and two of these motifs, motifs 2 and 3, could be identified in parvovirus NS1, as illustrated in Fig. 1A . The parvovirus NS1 sequence alignment revealed that the RCR motifs are located in the N-terminal half of PfDNV NS1, as motif 2 is located at residues 125-131 containing two consensus histidine residues and motif 3 is located at residues 175-181 containing one consensus tyrosine that is normally involved in nicking activity of other NS1 proteins (Nuesch et al., 1995; Walker et al., 1997) (Fig. 1A) . To determine if PfDNV NS1 does contain the nicking activity, we expressed it as N-terminal MBP fusion recombinant protein (MBP-NS1) in Baculovirus Expression System, following by protein purification (Fig. 1B, lane 3) .
Previous studies showed that RCR initiator proteins usually cleave at the positions nearby the terminal palindrome of parvoviral DNA genome (Cotmore and Tattersall, 1989; Im and Muzyczka, 1990) . Thus, to examine the nicking activity of PfDNV NS1, we constructed two types of dsDNA probes (Probes 1 and 2), both of which contain the sequence nearby the terminal palindrome including the CAC repeat sequence that is specifically bound by PfDNV NS1 (Yang et al., 2006) . Probe 1 was 5 0 -hexachloro fluorescein (HEX) labeled on the strand containing CAC repeat, while Probe 2 was 3 0 -HEX labeled on the same strand (Fig. 1C) . Probe 1 or 2 was incubated with MBP-NS1 in a nicking reaction mixture for 1 h, respectively, followed by the addition of proteinase K. The nicked ssDNA was released from dsDNA by boiling the reaction mixture for 7 min, and then separated by 12% acrylamide-8 M urea gel. As shown in Fig. 2A , a major cleavage product was detected in the presence of NS1 with either Probe 1 (lane 3) or Probe 2 (lane 6). In contrast, no major cleavage products were detected when MBP alone was presented with dsDNA probes (lanes 2 and 5). On the other hand, the complementary strands, which do not contain the CAC repeat, cannot be cleaved by NS1 (data not shown).
Other parvovirus NS1 can form a covalent link with the 5 0 -end at the nicking site. To examine whether it is also the case for PfDNV NS1, the nicking reaction was directly stopped by adding 10 Â loading buffer without proteinase K treatment and boiled for 7 min, then the protein-DNA complex was resolved on a 2% agarose gel (as illustrated in Fig. 2B , lower panel). It was observed that a shift band could only be readily detected in the presence of NS1 and 3 0 -labeled Probe 2, indicating the NS1-DNA complex (lane 6), while no such band was observed when NS1 was presented with 5 0 -labeled Probe 1 (lane 3) (Fig. 2B , upper panel). Given that the heat treatment had no effect on the NS1-DNA interaction, these results clearly showed that PfDNV NS1 covalently attaches to the 5 0 -end at the nicking site. Taken together, our findings from this set of experiments demonstrate that PfDNV NS1 is a functional endonuclease.
Identification of the nicking site and the cofactors for the endonuclease activity of PfDNV NS1
After determining that PfDNV NS1 has the endonuclease activity, we sought to examine the exact nicking site by PfDNV NS1 on the ITR. To this end, Probe 1 was incubated with MBP-NS1 at 37 1C for 1 h, followed by denaturing gel electrophoresis (Fig. 3A) . To generate a marker, the 5 0 -labeled strand of Probe 1 was subjected to a purine-specific chemical sequencing reaction, resulting in a mix of cleavage products at G or A that can form a GþA ladder in 12% acrylamide-8 M urea gel (Maxam and Gilbert, 1980) . Since the Probe 1 sequence was known, we could deduce the location of the cleavage site through comparing the nicking product with the GþA ladder. Our results showed that the nicking occurs near the end of the PfDNV terminal palindrome on the strand containing the sequence 5 0 -CTTGG/TGCTT-3 between nucleotides G (nt126) and T (nt125). The numbering of nucleotide refers to the complementary strand of the PfDNV sequence (GenBank, accession number AF192260).
To further characterize the biochemical properties of PfDNV NS1, we examined its nicking activity in the presence or absence of different divalent metal ions and/or ATP. As shown in Fig. 3B , HEX-labeled DNA strand was nicked by NS1 from the dsDNA Probe 1 in the presence of both divalent metal ion (Mg 2 þ or Mn 2 þ ) and ATP (lanes 7 and 8). On the other hand, lacking divalent metal ion or ATP resulted in a complete loss of nicking activity (lanes 4-6). Besides, Mg 2 þ was more preferred than Mn 2 þ for NS1 nicking activity. Taken together, these results show that the endonuclease activity of PfDNV NS1 requires both divalent metal ion and ATP.
Mutational analysis of conserved tyrosines in PfDNV NS1
The endonuclease activity of parvovirus NS1 is believed to involve the covalent attachment of NS1 at the nicking site through forming a phosphodiester bond between the phosphogroup from the 5 0 -thymidine nucleotide and an aromatic hydroxyl group from a tyrosine in NS1; and this covalently attaching tyrosine is a critical residue of the active-site (i.e., active-site tyrosine) within a DNA endonuclease. To identify the critical tyrosine residue required for PfDNV NS1 endonuclease activity, we generated a series of single site mutations in conversed tyrosine residue Y86, Y135, Y178 or Y294, to phenylalanine (F) (Fig. 4A) . These NS1 mutants were also expressed as N-terminal MBP fusion proteins in Baculovirus Expression System like the wild type NS1, following by protein purification (Fig. 4B) . Since the DNA nicking activity of parvovirus NS1 is usually associated with its DNA binding, dsDNA unwinding (helicase) and ATP hydrolysis (ATPase) activities, we examined the effects of the Y-to-F mutations on all these NS1 activities.
First, the NS1 mutants were examined for their abilities to nick 5 0 -HEX-labeled Probe 1 in the endonuclease assay, in which wild type NS1 was used as positive control. As shown in Fig. 4C , the Y178F mutation caused a complete loss of the endonuclease activity (lane 6), while the Y86F resulted in the reduction in the specificity of PfDNV NS1 (lane 4). On the other hand, the Y135F or Y294F mutation showed no effect on the nicking activity (Fig. 4C,  lanes 5 and 7) .
It is possible that NS1 Y178F lost its nicking activity due to lose its DNA binding activity. To examine this possibility, all mutants were investigated for their abilities to bind Probe 3, which contains the NS1 binding site but cannot be nicked by NS1 (Fig. 1C) , in the gel mobility shift assay. As shown in Fig. 4D , all Y-to-F mutants kept their abilities to bind Probe 3 with different affinities. It is noteworthy that the double shifted bands in Fig. 4D should be formed by DNA probes bound to NS1 proteins that usually exist in hexameric or double-hexameric form (Weitzman et al., 1996) . Then, these NS1 mutants were examined for their dsDNA unwinding activities. In these experiments, Probe 4, which has the same HEX-labeled strand with Probe 3 as well as a 16-nt 3 0 overhang in the complement strand, was used as the substrate (Fig. 1C) . Our results showed that all the mutants could efficiently unwind the substrate, independently of their nicking activities (Fig. 4E) .
Lastly, we examined if these Y-to-F mutations could affect the ATPase activity of PfDNV NS1. To this end, these NS1 mutants were analyzed for their abilities to hydrolyze ATP using a colorimetric assay by detecting the inorganic phosphate released from the ATP substrate. As shown in Fig. 4F , these mutations reduced the ATPase activity of NS1 to around 35-80% of that of wild-type NS1; and interestingly, the Y178F mutant retained the highest (80%) ATPase activity among all mutants, indicating that the Y178F-caused nicking activity abolishment is not due to losing ATPase activity.
Altogether, our mutational analyses revealed that the Y178F mutation abrogated the endonuclease activity of PfDNV NS1 but had little effect on the DNA binding, dsDNA unwinding and ATPase activities of this protein, showing that Y178 is a critical residue within the active-site of NS1 endonuclease activity.
Activities of NS1 are modulated by both tyrosine and serine/threonine phosphorylation
We previously found that the putative PfDNV NS1 did not have helicase and endonuclease activities when being expressed in prokaryotic system (Escherichia coli) (data not shown), suggesting that certain posttranslational modifications are required for these NS1 activities. Since NS1 proteins in the Parvovirinae subfamily have been reported to be regulated by phosphorylation (Dettwiler et al., 1999; Nuesch et al., 2003) , we sought to examine whether the activities of PfDNV NS1 are also dependent on phosphorylation. Thus, we dephosphorylated PfDNV NS1 using a set of phosphatases, such as Calf Intestinal Alkaline Phosphatase (CIP), T-Cell Protein Tyrosine Phosphatase (TC-PTP) and Protein Phosphatase 2A (PP2A), separately. CIP catalyzes the removal of phosphate groups from both tyrosine and serine/threonine residues, TC-PTP only dephosphorylates tyrosine but not serine/ threonine, while PP2A is a specific serine/threonine phosphatase. Thus, these phosphatases could be used to distinguish between these two types (tyrosine vs. serine/theronine) of phosphorylation. As shown in Fig. 5A , the treatment of PfDNV NS1 by the indicated different phosphatases resulted in complete loss of the nicking activities, indicating that both tyrosine and serine/threonine phosphorylations are required for the endonuclease activity of PfDNV NS1.
We also examined the effects of different dephosphorylations on the dsDNA unwinding and ATPase activities of PfDNV NS1, using the similar assays in Fig. 4E and F. As shown in Fig. 5B , the CIP (Y and S/T phosphatase) or TC-PTP (Y phosphatase) treatment mostly abolished the activity of NS1 in dsDNA unwinding, while the PP2A (S/T phosphatase) treatment caused a partial loss of the NS1 dsDNA unwinding activity. Moreover, our results showed that the different dephosphorylation treatments had moderate effects on the ATPase activity of PfDNV NS1 (Fig. 5C) .
Taken together, our findings from this set of experiments demonstrate that both tyrosine and serine/threonine phosphorylations are critical for the endonuclease and helicase (dsDNA unwinding) activities of this parvovirus NS1.
Y345 of NS1 protein is phosphorylated and is a regulatory site for the activities of PfDNV NS1
It has been reported that the NS1 proteins of MVM, porcine parvovirus, and H-1 parvovirus could be phosphorylated on serine and threonine residues in infected cells Molitor et al., 1985; Paradiso, 1984) , and so far, no tyrosine phosphorylation has been reported in parvovirus NS1. In our study, we found that tyrosine phosphorylation are critical for the endonuclease (nicking) and helicase (dsDNA unwinding) activities of PfDNV NS1. Thus, we ought to determine the phosphorylated tyrosine (Y) residues of PfDNV NS1. For this purpose, the purified NS1 was resolved by SDS-PAGE, and the protein band was extracted and then digested with trypsin. The resulting peptides were subjected to LC-MS/MS analysis for phosphorylation site determination. The mass spec result indicated that Y345 of PfDNV NS1 is a tyrosine phosphorylation site, which has an E-value of 0.023 generated by Mascot and E-valueso0.05 are considered significant (Fig. 6) . Besides, our LC-MS/MS analysis also identified several other peptides containing possible tyrosine phosphorylations with E-values40.05, which were not studied here (Table S2) .
To investigate whether the phosphorylation of Y345 plays critical role in regulating PfDNV NS1 activities, we generated a single amino acid mutation in Y345 to F. Y345F mutant protein was expressed as N-terminal MBP fusion protein in Baculovirus Expression System, following by protein purification (Fig. 7A) . As shown in Fig. 7B and C, the Y345F mutation was incapable of both nicking Probe 1 and unwinding Probe 4. These data indicated that Y345 is a potential regulatory site for both nicking and dsDNA unwinding activities of NS1. Meanwhile, we determined the ATPase activity of NS1
Y345F
. The results of multiple independent experiments are summarized in Fig. 7D . Similarly with the tyrosine specific phosphatase treatment (Fig. 5C) , the Y345F mutation significantly reduced but not abolished the ATPase activity of PfDNV NS1 (Fig. 7D) . Taken together, these mass spec and mutational analysis results demonstrate that PfDNV NS1 Y345 is phosphorylated and is a critical site for regulating NS1 activities.
Discussion
A well-defined and critical role for NS1 in parvovirus DNA replication is the strand-and site-specific nicking of replication origin sequence mediated by NS1 endonuclease activity (Berns, 1990) . Previous studies have reported that JcDNV NS1 could cleave ssDNA and recognizes two cleavage sites within the motif 5 0 -G*TAT*TG-3 0 , which is located in the ITRs (Ding et al., 2002) . However, the nicking activity of PfDNV NS1 has not been determined. Moreover, the active-site tyrosine residue has not been identified and the phosphorylation issue has not been investigated for NS1 proteins of JcDNV, PfDNV and other densoviruses.
Unlike JcDNV (Dumas et al., 1992) or AAV (Srivastava et al., 1983) , the predicted structure of the 202-nt PfDNV ITR does not contain a T-shaped structure, but shows a simple U-shaped hairpin structure (Fig. 1C) (Guo et al., 2000) like B19 (Shade et al., 1986) , which serves as primers for the synthesis of the complementary strand. The resulting closed-end DNA duplex intermediates are believed to be resolved by a process called terminal resolution, which involves a strand-and site-specific nicking at the terminal resolution site (trs), followed by dsDNA unwinding and replication. Our finding revealed that while the major nicking site (5 0 -CTTGG/TGCTT-3 0 ) of PfDNV NS1 is not same with the nicking sites of NS1 proteins from other parvoviruses, such as AAV and JcDNV, NS1-catalyzed nicking at thymidine is well conserved among these viruses. Moreover, for PfDNV and other parvoviruses, the NS1 nicking sites are separated with the NS1 binding sites in parvovirus dsDNA.
Previous studies of JcDNV NS1 revealed that this endonuclease can efficiently cleave ssDNA substrate, but cannot nick dsDNA substrate in vitro (Ding et al., 2002) . Interestingly, unlike JcDNV NS1, PfDNV NS1 exhibited strong preference to dsDNA substrate, while the nicking activity to ssDNA substrate was almost undetectable (Fig. S1 ). As aforementioned, the structure of JcDNV ITR is T-shaped, while PfDNV ITR structure is a simple U-shaped hairpin. It is possible that their difference in ITR structure causes their differential preference to different DNA (dsDNA vs. ssDNA) substrates, and suggests that PfDNV NS1 utilized a DNA nicking mechanism different with JcDNV NS1.
Our study revealed that PfDNV NS1 could attach to the 5 0 -end at the nicking site after the NS1-catalyzed cleavage. Previous studies of the viruses in Parvovirinae subfamily have also reported the covalent link between NS1 and 5 0 -end of nicked parvovirus DNA, and this covalent link is believed to participate in packaging progeny parvovirus genomes (Cotmore and Tattersall, 1989) . Our work is the first time to determine such a covalent link in Densovirinae, implying that this may also be a general phenomenon in this subfamily.
As aforementioned, the endonuclease activities of NS1s from some viruses in Parvovirinae, such as AAV and MVM, are found to involve the covalent attachment of NS1 at nicking site through forming a phosphodiester bond between the 5 0 -thymidine nucleotide and an active-site tyrosine residue in NS1 (Cotmore and Tattersall, 1988; Im and Muzyczka, 1990 ). As we identified such a covalent link, we hypothesized that a similar mechanism involving the active-site tyrosine residue of NS1 also exists in densoviruses. Moreover, the predicted active-site tyrosine of densovirus NS1 should be conserved and its mutation should predominantly affect the nicking activity instead of other NS1 activities. Based on these criteria, we identified Y178 is an activesite tyrosine, as Y178F mutation completely abolished the nicking activity of NS1, but retained other NS1 activities, such as DNA binding, dsDNA unwinding and ATP hydrolysis, albeit at reduced levels (Fig. 4) . Besides, Y178 is well conserved in NS1 proteins of PfDNV, other densovirus (JcDNV), MVM and AAV (as illustrated Fig. 1A ). Altogether, these results supported our hypothesis.
Moreover, the analyses of other tyrosine mutations revealed some interesting results. Y86F mutant exhibited relatively weak DNA binding activity, and a reduction in the specificity of NS1-catalyzed nicking. Previous study of AAV Rep revealed that Rep binding to AAV DNA hairpin is presumed to be a prerequisite for nicking (Im and Muzyczka, 1990) . Thus, our results suggest that the nicking site specificity of PfDNV NS1 may be affected by its efficiency in DNA binding.
We have previously found that bacterially expressed PfDNV NS1 did not have helicase and endonuclease activities (data not shown), indicating that some posttranslational modifications are required for NS1 activities. It is worth to note that the NS1 proteins of PfDNV and MVM are highly similar in their functions and homologous between their sequences, both of which initiate parvoviral DNA replication and trans regulate promoters (Lorson et al., 1996; Rhode, 1989; Yang et al., 2008 Yang et al., , 2006 . It has been reported that MVM NS1 activities are modulated through phosphorylation at its serine and threonine residues (Nuesch et al., 1998b (Nuesch et al., , 2003 . However, it was not known if NS1 proteins of densoviruses can also be phosphorylated before this study. Our in vitro study compared the activities of native and phosphatasetreated (dephosphorylated) PfDNV NS1. Our results revealed that tyrosine dephosphorylation was associated with the loss of endonuclease and helicase activities, similarly with dephosphorylating both tyrosine and serine/threonine. On the other hand, serine/threonine dephosphorylated NS1 completely lost its endonuclease activity, but retained part of its dsDNA unwinding activity. Besides, all dephosphorylated NS1 proteins still kept their ATPase activities. Moreover, we identified a phosphorylated tyrosine Y345 as a regulatory site for NS1 helicase and endonuclease activities, suggesting that the Y345 phoshorylation, probably as well as some unidentified tyrosine phosphorylations, is critical for PfDNV NS1 regulation. These results demonstrate that PfDNV NS1 is regulated by both tyrosine and serine/threonine phosphorylations, which is quite different with previous studies on the phosphorylation of parvovirus NS1 proteins that only identified serine and threonine phosphorylations of NS1 in Parvovirinae. Thus, our study reported NS1 phosphorylation and its regulatory roles for NS1 activities in the Densovirinae subfamily, and reveal that tyrosine phosphorylation is critical for regulating NS1 activities in the Parvoviridae family. Phosphorylation of viral proteins by host kinases is an important form of virus-host interactions. During different stages of cell cycles, host cells process different activities in DNA/RNA replication and cell signaling. And to coordinate with the different intracellular activities, viruses often utilize cell signaling pathways to regulate their own activities. Posttranslational modifications, particularly phosphorylation, are major strategies for cell signaling to regulate protein activities, which also frequently regulate viral proteins (Barbaro et al., 2000) . Replicative functions of MVM NS1 protein are regulated by phosphorylation through a PKC kinase. However, PKC is a family of serine/threonine-specific protein kinases that cannot phosphorylate tyrosine. Since we found that tyrosine phosphorylation is also critical for regulating PfDNV NS1 activities, a novel cell signaling pathway involving in tyrosine kinase(s) should exist to regulate NS1 proteins of PfDNV, and probably other densoviruses and parvoviruses. Further studies are ongoing in our laboratory to identify the tyrosine kinase responsible for the tyrosine phosphorylation of PfDNV NS1. Our work not only represents an important step toward understanding the activities and regulation of PfDNV NS1, but may also shed light onto the studies of NS1 proteins and DNA replication of other densoviruses and even parvoviruses.
Materials and methods

Construction of plasmid
The NS1 coding sequence (nt 1122-2738 of the PfDNV genome, AF192260) was amplified by PCR extension from the infectious plasmid pUCA using 5 0 flanking forward primer containing EcoRI site and 3 0 flanking reversed primer containing SalI site (Table S1 ). The segment NS1 was cloned into the same sites of vector pFastM to generate pFastM-NS1. Vector pFastM was derived from pFastBacHTA (Invitrogen) inserted with the malE fragment which was amplified by PCR from vector pMAL-c2X using MBPF-BamHI and MBPR-EcoRI primers (Li et al., 2012 ).
An overlap extension PCR method (Ho et al., 1989 ) was used to introduce single amino acid changes into NS1. Tyrosine residues were mutated to phenylalanine residues at various positions within the NS1 coding sequence. The PCRs were carried out with the KOD-Plus-Neo polymerase which has a high fidelity rate (TOYOBO CO., LTD.). The resulting mutations in NS1 were confirmed by sequencing, and the resulting proteins were designated by the site of the mutation.
Protein expression and purification
A Bac-to-Bac baculovirus expression system (Invitrogen) was used for expression of MBP fusion proteins (Yang et al., 2006) . All of MBP fusion proteins were purified by amylose affinity chromatography as described previously , followed by concentration using Amicon Ultra-30 filters (Millipore) and stored in 25 mM Tris-HCl (pH 7.5), 50 mM NaCl at À70 1C (Qi et al., , 2012 Ye et al., 2012) . The purity of MBP fusion proteins was confirmed by SDS-PAGE according to our standard procedures .
DNA substrates
DNA substrates for nicking, binding, and helicase assays were prepared by annealing the synthetic HEX-labeled oligonucleotides (Invitrogen) to the complementary strands. The substrates and sequences are depicted in Fig. 1C .
Endonuclease assays
The strand-and site-specific endonuclease assay was performed as described previously (Im and Muzyczka, 1990 ) with minor modification. 0.02 pmol 5 0 -HEX-labeled Probe 1 or 3 0 -HEXlabeled Probe 2 was incubated in the presence of 0.5 mg of MBP fusion proteins in a 20 ml reaction volume containing 25 mM HEPES-KOH (pH 7.5), 5 mM MgCl 2 , 5 mM ATP, 1 mM dithiothreitol (DTT), and 0.01% bovine serum albumin (BSA) at 37 1C for 1 h. When the reaction products were to be analyzed on denaturing gels, the reaction mixtures were treated with proteinase K (1 mg/ml at 37 1C for 1 h), and precipitated with isopropanol and glycogen. The precipitates were dissolved in formamide with subsequent boiling for 7 min and electrophoresed on a 12% acrylamide-8 M urea gel, which was then scanned by Typhoon 9200 (GE Healthcare, Piscataway, NJ). This procedure was used in all nicking reactions except the one in Fig. 2B .
To analyze the nicking products on nondenaturing gels, the reaction mixtures were stopped by the addition of 10 Â loading buffer (0.9% SDS, 50 mM EDTA (pH 7.5), 50% glycerol, 0.05% Bromophenol Blue), then boiled for 7 min and resolved on a 2% agarose gel, which were scanned by Typhoon 9200 (GE Healthcare).
Gel mobility shift assay
The gel mobility shift assay was performed as described previously (Im and Muzyczka, 1989 ) with minor modification. Briefly, 0.02 pmol 5 0 -HEX-labeled Probe 3 was incubated with 0.5 mg of MBP fusion proteins in a reaction mixture (20 ml)
containing 50 mM NaCl, 25 mM HEPES-KOH (pH 7.5), 10 mM MgCl 2 , 1 mM DTT, 0.01% BSA, 0.01% NP-40, and 1 mg of salmon sperm DNA at 4 1C for 30 min. The protein-DNA complexes were resolved on a 3% nondenaturing polyacrylamide gel, and scanned by Typhoon 9200 (GE Healthcare).
dsDNA unwinding (helicase) assays
The dsDNA unwinding reactions were performed in 20 ml of a solution. Briefly, 0.5 mg MBP fusion proteins were incubated for 30 min at 37 1C in a buffer containing 25 mM Hepes-KOH (pH 7.5), 5 mM MgCl 2 , 5 mM ATP, 1 mM DTT, 0.01% BSA, and 0.02 pmol 5 0 -HEX-labeled Probe 4. After incubation, the reaction products were treated with proteinase K and resolved by electrophoresis through a non-denaturing 10% polyacrylamide gel in 1 Â Tris-Borate-EDTA (TBE) buffer. The HEX-labeled oligonucleotides were detected with Typhoon 9200 (GE Healthcare).
ATPase assays
ATPase activities were determined using a direct colorimetric assay as previously described (Henkel et al., 1988; Rowlands et al., 2004) with minor modification . Briefly, a typical ATPase assay was performed by 0.5 mg of purified protein to a final volume of 25 ml in a final concentration of 20 mM HEPES-KOH (pH 7.5), 40 mM NaCl, 5 mM MgCl 2 , 1 mM DTT, 3 mM ATP, 0.2 mg of single-stranded M13 mp18 DNA (NEB) to microplate wells, and then incubated at 37 1C for 20 min. The enzyme reaction was terminated by adding 80 ml of malachite green reagent (water, 0.0812% malachite green, 5.72% ammonium molybdate in 6 N HCl and 2.32% polyvinyl alcohol were freshly mixed in a ratio of 2:2:1:1, respectively). The color was allowed to stabilize for 5 min. Following the addition of 10 ml of 34% sodium citrate to each well, the plate was left to stand at room temperature for about 15 min, and scanned with a 96-well plate reader (Spectra Max M2, USA) at 620 nm. The amount of inorganic phosphate was determined by comparing the A 620 nm with a standard KH 2 PO 4 curve. All the results in this quantitative assay were the averages of three independently repeated experiments.
In vitro dephosphorylation of NS1
For dephosphorylation, purified MBP-NS1 was adjusted to the appropriate buffer conditions, supplemented with Protease Inhibitor Cocktail (Roche), and incubated for 30 min at 30 1C in the presence of TC-PTP (NEB) or PP2A (Millipore), or incubated for 1 h at 37 1C in the presence of CIP (NEB). Dephosphorylated NS1 was immediately purified from other proteins by amylose affinity chromatography.
Identification of phosphorylation sites by LC-MS/MS
To determine the phosphorylated tyrosine in PfDNV NS1, mass spectrum analysis was performed. Purified NS1 protein was resolved in 10% SDS-PAGE. The band corresponding to MBP-NS1 was excised and digested with trypsin (12.5 ng/ml in 25 mM NH 4 HCO 3 ) at 37 1C for 16 h. The peptides were analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) on an amaZon ETD ion trap mass spectrometer (Bruker) at Beijing Protein Innovation Co., Ltd. The MS/MS spectra were searched against the NS1 database using the automated Mascot algorithm for possible Y, T and S phosphorylation sites.
